Detecting stability of conical spouted beds based on information entropy theory by Savari, Chiya et al.
 
 
University of Birmingham
Detecting stability of conical spouted beds based
on information entropy theory
Savari, Chiya; Sotudeh-Gharebagh, Rahmat; Kulah, Gorkem; Koksal, Murat; Mostoufi, Navid
DOI:
10.1016/j.powtec.2018.11.028
License:
Creative Commons: Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)
Document Version
Peer reviewed version
Citation for published version (Harvard):
Savari, C, Sotudeh-Gharebagh, R, Kulah, G, Koksal, M & Mostoufi, N 2019, 'Detecting stability of conical
spouted beds based on information entropy theory', Powder Technology, vol. 343, pp. 185-193.
https://doi.org/10.1016/j.powtec.2018.11.028
Link to publication on Research at Birmingham portal
Publisher Rights Statement:
Checked for eligibility: 26/07/2019
Chiya Savari, Rahmat Sotudeh-Gharebagh, Gorkem Kulah, Murat Koksal, Navid Mostoufi, Detecting stability of conical spouted beds based
on information entropy theory, Powder Technology, Volume 343, 2019, Pages 185-193, ISSN 0032-5910,
https://doi.org/10.1016/j.powtec.2018.11.028.
General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.
•	Users may freely distribute the URL that is used to identify this publication.
•	Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•	User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•	Users may not further distribute the material nor use it for the purposes of commercial gain.
Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.
When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.
If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.
Download date: 14. Jun. 2020
Accepted Manuscript
Detecting stability of conical spouted beds based on information
entropy theory
Chiya Savari, Rahmat Sotudeh-Gharebagh, Gorkem Kulah, Murat
Koksal, Navid Mostoufi
PII: S0032-5910(18)30932-X
DOI: https://doi.org/10.1016/j.powtec.2018.11.028
Reference: PTEC 13863
To appear in: Powder Technology
Received date: 23 August 2018
Revised date: 20 October 2018
Accepted date: 4 November 2018
Please cite this article as: Chiya Savari, Rahmat Sotudeh-Gharebagh, Gorkem Kulah,
Murat Koksal, Navid Mostoufi , Detecting stability of conical spouted beds based on
information entropy theory. Ptec (2018), https://doi.org/10.1016/j.powtec.2018.11.028
This is a PDF file of an unedited manuscript that has been accepted for publication. As
a service to our customers we are providing this early version of the manuscript. The
manuscript will undergo copyediting, typesetting, and review of the resulting proof before
it is published in its final form. Please note that during the production process errors may
be discovered which could affect the content, and all legal disclaimers that apply to the
journal pertain.
AC
CE
PT
ED
 M
AN
US
CR
IP
T
1 
 
Detecting Stability of Conical Spouted Beds Based on Information 
Entropy Theory 
Chiya Savari
1a
, Rahmat Sotudeh-Gharebagh
*b
, Gorkem Kulah
c
, Murat Koksal
d
, Navid 
Mostoufi
b
 
a 
Department of Chemical Engineering, Faculty of Engineering, University of Maragheh, P.O. 
Box 55136-553, Maragheh, Iran 
b 
Multiphase Systems Research Group, School of Chemical Engineering, College of 
Engineering, University of Tehran, P.O. Box 11155-4563, Tehran, Iran 
c 
Department of Chemical Engineering, Middle East Technical University, 06800, Ankara, 
Turkey 
d 
Department of Mechanical Engineering, Hacettepe University, Beytepe, 06800, Ankara, 
Turkey 
 
Abstract 
Effects of particle size, particle density, gas inlet diameter and static bed height on the 
stability of operation in conical spouted beds were investigated through analyses of 
information entropy of pressure fluctuations. In this respect, the maximum information 
entropy of pressure fluctuations was used as a stability criterion. The results showed that 
stability of the bed increases with an increase in the maximum entropy. The maximum 
information entropy of pressure fluctuations increases with increasing particle size and bed 
height while decreases with increasing gas inlet diameter and particle density. A stability map 
was also prepared to present the effect of operating parameters on the maximum entropy. 
Moreover, a correlation for prediction of maximum information entropy was developed to 
determine the stable operation conditions of conical spouted beds operating with low as well 
as high density particles.  
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1. Introduction 
Conventional spouted beds have been used in numerous industrial processes as 
drying, coating, combustion and gasification [1-10]. In spite of several advantages of 
conventional spouted beds, there are some applications in which their performance is limited 
(for example in fast reactions, such as ultra-pyrolysis) [11-14]. In these applications, the 
conical spouted beds are advantageous alternatives due to their short gas residence times with 
narrow distribution [15]. Operation of conical spouted beds is sensitive to various parameters 
such as bed geometry, operating conditions as well as gas and solid properties [16-25]. For a 
combination of these parameters, stable spouting occurs only over a limited range of 
operating conditions. Therefore, it is necessary to select the operating and design conditions 
carefully to ensure stable operation needed to improve performance of a conical spouted bed. 
Various researchers investigated the ranges of geometric parameters of the bed in various 
spouted bed systems including spout-fluid beds for stable spouting [26-30]. The effect of inlet 
tube diameter to particle diameter ratio (Do/dp) on the stability of conical spouted beds was 
investigated by Povrennović et al. [29]. Their analyses showed that the criterion Do/dp < 25 
for stable spouting, which was originally proposed for cylindrical beds with conical bottom 
by Chandnani and Epstein [27] is also valid for conical spouted beds. 
Olazar et al. [30] carried out an extensive study on the stability of conical spouted 
beds and reported the following criteria for the stable operation:  
(i) Inlet to cone bottom diameter ratio (Do/Di) should be between 1/2 and 5/6. At ratios less 
than 1/2, dead zones form at the bottom of the bed and ratios greater than 5/6 lead to unstable 
spout formation because of the rotational movements of the spout.  
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(ii) The bed is unavoidably unstable for cone angles smaller than 28º and solid circulation is 
very poor for angles greater than 60º. Therefore, cone angles smaller than 28º and greater 
than 60º are not recommended to achieve stable spouting. 
(iii) Inlet to particle diameter ratio (Do/dp) should be between 2 and 60. 
Moreover, Olazar et al. [31] reported that in order to maintain a stable spouted bed, 
there is also an upper limit for the diameter of the bed (Dc), which is another criterion that 
should be met. They proposed an equation, which includes parameters related to bed 
geometry, minimum spouting velocity and bed height, for evaluation of the largest possible 
bed diameter: 
  
  [         (  ⁄ )]
 (   )    
   (1) 
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          (
 
   
)
    
       [
         (  ⁄ )
  
]
     
[   (  ⁄ )]           (2) 
As can be seen from the literature review, studies on the stability of conical spouted 
beds have mostly focused on the geometric parameters of the contactor. However, parameters 
such as particle properties (e.g., density and size), bed height and gas velocity are also crucial 
parameters that affect the flow stability. Moreover, the empirical equations proposed in the 
literature have been developed based on visual observations through transparent walls. Since 
visual recognition of the flow structure is not possible in industrial scale equipment, 
developing non-visual techniques for this purpose is vital. In addition, previous studies on 
stability criteria focused completely on the beds with moderate density particles (ρp < 2500 
kg/m
3
) and no report can be found on the stability of beds operating with high density 
particles. Currently, conical spouted bed reactors are widely used for coating of heavy 
particles in the chemical vapor deposition (CVD) process. To design and scale up these 
reactors, it is of fundamental importance to have a detailed study on their stability. Since the 
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particle density significantly affects the stability behavior of the beds, further investigations 
are required to identify the stability of systems operating with relatively high density 
particles.  
Therefore, the main objective of this work is to determine the stability of flow in 
conical spouted beds with particles of different sizes and densities by analyzing pressure 
fluctuations based on the information entropy (IE) theory. Effects of the gas inlet diameter, 
bed height, inlet gas velocity, particle size and particle density on the stability of the system 
were also investigated. The main novelty of this work is to investigate the stability of conical 
spouted beds operating with different particles by introducing IE theory as a new method for 
detecting hydrodynamic stability. 
 
2. Experiments 
The experiments were carried out in a circular (γ = 45º) conical spouted bed made of 
polyoxymethylene with different gas inlet diameters (Do = 8, 10, 12 and 15 mm). A 
schematic of the set-up is shown in Fig. 1. A changeable fine wire mesh (300 μm) was placed 
on the inlet to prevent particles from falling into the inlet air tube. The air was supplied by a 
screw type compressor at 8 bar with maximum flow rate of 0.05 m
3
/s. A pressure regulator 
and two calming tanks of 30 L in volume were installed in series before the air entry to 
regulate and smooth the air flow. The air flow rate was measured by a rotameter calibrated 
with a standard orifice flowmeter. 
The bed pressure fluctuations were measured by a differential pressure transducer 
(Omega PX142-005DV5) connected to the bed internal wall at the base of the conical 
section. The other line of the transducer was open to atmosphere. The pressure signals were 
collected by a high speed data acquisition board (National Instruments, Model USB-6351). In 
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each experiment, the pressure fluctuations were recorded at superficial gas velocities ranging 
from 1 to 1.75Ums for 60 s with a sampling frequency of 500 Hz.  
To investigate the sensitivity of the bed stability to different parameters, the 
experiments were performed with various particles, gas inlet diameters and bed heights. 
Summary of the experimental conditions is given in Table 1. Visual observation of the bed 
flow regimes was also done in order to characterize the bed behavior. Each test was repeated 
three times and the reproducibility of the tests was checked. 
In order to investigate the effect of particle density and size on the stability of spouted 
beds, experiments were conducted using spherical particles with densities ranging from 2470 
kg/m
3
 to 6050 kg/m
3
. Glass beads (GB), alumina (AL) and yttria-stabilized zirconia (YSZ) 
particles (ZrO2, also known as zirconia) were used to simulate different particle properties. 
Properties of the particles are listed in Table 2.  
 
3. Theory 
 The approach followed in this work was based on a new applicable definition of the 
information entropy and it was employed to quantify the stability of the bed. The employed 
information entropy algorithm is extensively described by Nedeltchev et al. [32-37]. In this 
algorithm, minimum and maximum of each pressure fluctuations time series were 
determined. Then, the range of each time series was divided into different regions with 
progressively increasing heights proportional to the division step (e.g., 25, 50, 75, 100 Pa, 
and so on, Fig. 2). The probability of visit of the signal into each region was defined as 
follows: 
   
  
  
    
∑     
 
   
 (3) 
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where H0, Hi and Nr are the height of the smallest region, height of each region and number 
of visits in each region, respectively. The amount of information Ii in each region is expressed 
as: 
       (  ) (4) 
The total information entropy, IEtotal, is a function of both probability and the amount of 
information and is defined as: 
        ∑
  
  
    
 
   
 (5) 
The information entropy represents the total information that can be obtained from a signal. 
The maximum information entropy, IEmax, represents the largest value among all local 
information entropies and is expressed as: 
         (   )     (
  
  
    ) (6) 
The maximum information entropy gives the maximum information that can be obtained 
from a signal which is usually the most frequently visited one. 
 
4. Results and discussion 
4.1. Flow regimes 
The flow regimes encountered in spouted beds have been described in various studies 
[17, 30, 31]. At very low gas flow rates, the particles form a fixed bed through which the gas 
percolates. By increasing the gas velocity, the internal jet regime is reached in which a 
submerged cavity or jet is formed at the inlet orifice, while the rest of the particles remain at 
the fixed bed regime. After the formation of the internal jet, increasing the gas flow rate leads 
to appearance of the conventional spouted bed. In this regime, particles are transported 
individually by the upward flow of gas in the center of the bed. The gas velocity decreases in 
the fountain region, and then particles disengage from the gas and move downward in the 
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annulus. The downward moving particles re-enter the spout, mainly at the bottom, and this 
cycle of particles movement repeats again. The movement of particles is smooth and non-
pulsating when the spout is stable and the fountain is also stable and well defined. At high gas 
flow rates, the jet (or dilute-phase) spouting regime is reached for which the main 
characteristics are (i) high gas velocity, (ii) high bed voidage and (iii) cyclic movement of 
particles. The hydrodynamic behavior of the jet spouting regime is different from that of a 
conventional spouting regime. 
As pointed out earlier, stable operation in the spouting regime is quite sensitive to 
design and operating parameters. By changing the geometry and operating conditions, 
instabilities can be observed and these instabilities can be divided into two main groups: 
asymmetric and axisymmetric instabilities, similar to those described by Dogan et al. [38] 
and Freitas et al. [39]. The axisymmetric instability refers to the pulsatory behavior of the 
spout. In this type of instability, the fountain height fluctuates vigorously and this can be 
attributed to the air flow distribution in the spout. The intensity of axisymmetric instability 
can lead to slugging in which large slugs are formed at the top of the annulus. The 
asymmetric instability is the oscillatory behavior of the spout in which the fountain swings 
from side to side. In this type of instability, the spout cavity is diverted to the bed wall, 
creating totally different recirculation trajectories of particles. Both axisymmetric and 
asymmetric instabilities initiate at the bottom of the bed and the gradual growth of the 
instability causes spout termination.  
In this work, bed pressure fluctuations were monitored in the presence and absence of 
these instabilities in order to study the hydrodynamic stability of the bed. Fig. 3 illustrates a 
typical time series of pressure fluctuations in a conical spouted bed containing glass beads 
operated at various bed heights and gas inlet diameters and at inlet gas velocity of 1.3Ums. In 
this figure, irregular random-like oscillations are clearly seen in signals measured at smaller 
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inlet diameters. By enlarging the gas inlet diameter, amplitude of the fluctuations increases 
and, unlike the pressure fluctuations at smaller inlet diameters, a more periodic behavior in 
the signal is observed. This trend implies a rapid decrease in the complexity of the gas-solid 
dynamics (hence, an increase in instability) with increasing the gas inlet diameter. In other 
words, in beds with smaller gas inlet diameters, a stable spouting regime, which is free of 
intermittent spout formation/collapse and fountain height fluctuations, is established more 
readily. In the case of stable spouting, irregular and random pressure fluctuations originate 
mainly from inter-particle and gas-particle interactions. On the other hand, once the bed is in 
the unstable regime due to either axisymmetric or asymmetric instability, the associated 
pulsatile behavior or slugs lead to more periodic pressure fluctuations. A similar trend was 
also observed in pressure signals with a decrease in the bed height. However, the periodic 
motion in the signal was not as clear as the periodic behavior observed in the signals 
measured at higher gas inlet diameters. This behavior implies that the effect of bed height on 
the hydrodynamic stability is less noticeable than the effect of gas inlet diameter.  
Based on the above discussion, it can be concluded that overall patterns in the 
pressure time series can provide some useful insights about the dynamics of the bed. 
However, detection of the changes in finer patterns in the signals needs a quantitative 
analysis. Therefore, in this study, the signals are further quantified by utilizing the 
information entropy theory. For this purpose, the change of maximum information entropy 
(IEmax) with gas velocity obtained with different gas inlet diameters, bed heights and with 
various particles were explored and are presented in Figs. 4-7 and discussed below. 
 
4.2. Effect of gas inlet diameter 
As reported in the literature [30, 31], selection of the gas inlet diameter deserves a 
special attention in spouted beds, as it greatly affects the stability of the bed. Therefore, the 
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effect of gas inlet diameter on the bed stability was carefully monitored in this study by visual 
observations as well as analyses of the pressure fluctuations. The effect of gas inlet diameter 
on the maximum information entropy of pressure signals obtained in the spouted bed 
operating with 1 mm glass beads is illustrated in Fig. 4. For the case where the inlet diameter 
was 10 mm, the spouting regime was quite stable at all gas velocities where the spout was 
well defined without any rotation and the bed was uniform and free from bubbles and slugs. 
In this stable spouting regime, particle-particle and gas-particle interactions are the leading 
phenomena in the bed and the pressure signals originate from the movement of single or 
multiple particles simultaneously. All the pressure fluctuations measured in this stable 
operation exhibit a random-like oscillation with a narrow band of amplitude which leads to an 
increase in the information entropy. As can be seen in Fig. 4, the maximum information 
entropy increases with a decrease in the gas inlet diameter, reflecting the fact that gas-solid 
interaction in the bed becomes more complex when the inlet diameter is decreased. This trend 
shows that a spouted bed with a larger gas inlet diameter acts as more a deterministic system. 
Fig. 4 also demonstrates that the intensity of instability increases with increasing the inlet 
diameter. In fact, in the case of 15 mm inlet diameter, axisymmetric and asymmetric 
instabilities were always present. When the inlet diameter is increased, the gas enters a larger 
area, causing a lower jet velocity which hinders spouting. In this case, momentum of the 
entering gas is less and a lower mean gas velocity provides less stability. Moreover, more 
particles become entrained into the spout when the gas inlet diameter is larger. This larger 
amount of particles may chock the spout, leading to the bed instability. With a larger gas inlet 
diameter, the spout continuously changes its position instead of being well defined at the 
center of the bed. The behavior of bed pressure fluctuations changes consistently with 
occurrence of these instabilities such that their amplitude increases and the fluctuations 
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approach a periodic pattern. This implies a rapid reduction in the complexity of the bed 
dynamics which leads to a decrease in the information entropy. 
Another conclusion that can be withdrawn from Fig. 4 is that the information entropy 
at various gas inlet diameters increases with increasing the gas velocity. This trend suggests 
an increase in the complexity of gas-solid dynamics with increasing the spouting gas velocity. 
As the spouting gas velocity is increased, the mean gas velocity through the spout increases 
and the bed becomes more stable. The increase in the information entropy is a result of gas 
turbulence near the bed inlet and intensive interactions between gas and particles. 
 
4.3. Effect of particle size 
 Information entropy of pressure fluctuations is also influenced by the particle size. 
Fig. 5 shows the effect of particle size on the maximum information entropies of pressure 
fluctuations. It can be seen in this figure that the maximum information entropy is greater in 
the bed of larger particles. In other words, stable spouting can be achieved more easily in 
beds of larger particles. This conclusion is consistent with the results reported by Mollick et 
al. [40] and Olazar et al. [30] that if Di/dp is decreased, amplitude of pressure fluctuations 
would also decrease, indicating a stable spouting operation. Results of γ-ray tomography 
showed that decreasing the particle size leads to an increase in the solids holdup in the spout 
region at the same U/Ums. This means that the number of particles in the spout increase as the 
particle size decreases. This leads to a longer contact time of small particles with the gas 
phase [41]. On the other hand, with increasing the particle size, the number of particles 
contributing to the spout decreases which can improve the stability of the spout due to the 
fact that the gas momentum dissipation is less when the spout is free of solids.  
 
4.4. Effect of static bed height 
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 The effect of static bed height on the operation stability was also investigated in this 
study. The maximum information entropy versus dimensionless velocity, U/Ums, is plotted in 
Fig. 6 in beds operating with 1 and 2 mm glass beads. It can be observed in this figure that 
the maximum information entropy increases with increasing the static bed height in all cases. 
This implies that the bed stability increases by increasing the bed height. Increase in the bed 
height causes the flow in the spout to become more developed, with a higher centerline 
velocity, providing a more concentrated gas flow in the spout which leads to more stability of 
the bed. Moreover, Spreutels et al. [42] investigated the distribution of the mean height of 
penetration of the solid particles from the annulus to the spout and found that when the bed 
height is high, there is no solid particle penetration from the annulus to the spout in the upper 
part of the spout. This means that for a conical spouted bed with a high static bed height, 
most of particles enter the spout region at the bottom of the bed where the gas velocity is high 
enough to handle the particles which results in a higher stability of the bed. The increased 
stability can cause pressure fluctuations to become more significant with a greater 
information entropy. Olazar et al. [31] concluded that there is no maximum spoutable bed 
height for conical spouted beds, at least not in the same way observed in cylindrical spouted 
beds. 
The mean gas velocity through the spout also changes with height in conical spouted 
beds. As a consequence, there is a minimum spoutable bed height, below which the velocity 
in the upper surface of the bed is higher than the minimum fluidization velocity, which is one 
of the causes of instability observed in the experiments [31]. Olazar et al. [31] proposed a 
correlation to estimate the minimum spoutable height for beds of glass beads. The bed height 
in the experiments of this work was higher than those predicted by the correlation of Olazar 
et al. [31]. The maximum predicted value for minimum spoutable bed height by the 
correlation was 25 mm, which is quite lower than the bed heights in this study.  For a spouted 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
12 
 
bed with a lower bed height, a large fraction of the ascending gas passes in the annulus region 
where it percolates through the downward-moving particles, leading to slugging in the bed. 
By propagation of the surface instability created at the base of the bed, the shape of the spout 
changes continuously and it becomes unstable, which leads to a decrease in the information 
entropy of pressure fluctuations. 
 
4.5. Effect of particle density 
 Effect of particle density on the bed stability was also investigated in this work. 
Maximum information entropy of pressure fluctuations measured in beds of various particles 
as a function of gas velocity for dp = 1 mm, Hb = 100 mm and Di = 12 mm is plotted in Fig. 7. 
This figure shows that the maximum information entropy decreases by increasing the particle 
density, indicating that beds containing lower density particles are more stable compared to 
higher density particles. For high-density particles, there are some instabilities which hinder 
the stable spouting of the bed. The momentum of spouting gas becomes easily dissipated by 
high density particles and the spout tends to oscillate when the gas loses its momentum. The 
continuous change of the spout position leads to large fluctuations in the pressure which 
results in a decrease in the information entropy. 
 
4.6. Stability map 
Although the particle properties (size and density), bed geometry (inlet diameter and bed 
height) and gas spouting velocity are important parameters that dictate the stability of 
operation of conical spouted beds, there is a lack of a stability map or a stability criteria that 
involves all these parameters in the literature. Figs. 8 and 9 summarize the dependency of 
conical spouted bed stability on all the parameters (particle diameter and density, inlet bed 
diameter, static bed height and spouting gas velocity) studied in this work by plotting the 
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maximum information entropies obtained in all experiments. Another view of stability 
dependency on the studied parameters is shown in Fig. 9. This figure presents completely 
stable and unstable spouted beds by black and white boxes, respectively. For cases between 
stable and unstable operation, a gray box is used. This figure was constructed based on the 
visual observations during the experiments. As can be seen from this figure, stable spouting 
operation was observed in all cases with inlet gas diameter of 10 mm for 1 mm particles. The 
instability was less noticeable for a bed with 12 mm inlet gas diameter than for 15 mm. Some 
instabilities were noticed for the 12 mm inlet diameter while in the case of 15 mm inlet, the 
bed was always unstable. 
 As discussed earlier, larger particles were found to present more stable spouting. This 
fact is reflected in Figs. 8 and 9 as the maximum information entropy increases with the 
increase in particle size and the stable spouting is observed for 2 mm particles. Stable 
spouting was never observed for smaller particles at high inlet diameters. For 0.5 mm 
zirconia particles, stability was observed only for 8 mm inlet gas diameter and at high gas 
velocities. Moreover, the effect of bed height and particle density on the bed stability is 
clearly seen in Figs. 8 and 9. The stability of the bed increases with the increase in the bed 
height. Moreover, the number of the black boxes decreases with the increase in the particle 
density which indicates the instability intensification. 
 In light of the discussions presented above, it can be deduced that Figs. 8 and 9 can be 
used qualitatively to assess the stability of conical spouted beds. However, precise 
characterization of the bed stability requires also quantitative analysis. For this purpose, the 
maximum information entropy of pressure fluctuations was utilized and it was found that the 
conical spouted bed is completely stable as long as IEmax >1.51. For IEmax values between 
1.43 and 1.51, the bed operates in between completely stable and unstable situations. 
Unstable spouting occurs if IEmax < 1.43 due to the growth of instabilities in the bed. Thus, it 
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can be concluded that in order to secure a stable operation in conical spouted beds, the 
maximum information entropy should be greater than 1.51. 
 As mentioned in the introduction section, the dimensionless parameters Do/Di and 
Do/dp were used to characterize the spouted bed stability by Olazar et al. [30]. However, it 
was shown in the present investigation that three other parameters, i.e., Hb, U/Ums and ρp, also 
affect the stability of conical spouted beds. Moreover, it was shown that for stable spouting in 
a conical spouted bed, maximum information entropy parameter can be used as a stability 
criterion. Thus, the following correlation for evaluation of the maximum information entropy 
based on the influential parameters such as inlet diameter, static bed height, particle diameter, 
particle density and spouting gas velocity can be proposed: 
       (
  
  
 
  
  
 
 
   
 
     
  
)    (
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 (7) 
A power law form was used for this correlation and its constants were determined by fitting 
this equation to randomly selected 216 experimental data points: 
       (
  
  
)
      
(
  
  
)
     
(
 
   
)
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 (8) 
The remaining 54 experimental data points, which were not used in the calculation of the 
constants of this correlation, were used for the validation of this correlation. The predictive 
accuracy of this correlation is presented in the parity plot given in Fig. 10. In this figure, the 
data points used for calculating the constants of correlation are shown in blue and the one 
used only for validation are shown with red marker. It can be seen in this figure that the 
proposed correlation agrees well with the experimental data.  
In summary, the IEmax value can be calculated by using the proposed correlation 
knowing the static bed height, inlet gas diameter, particle density, particle diameter and 
spouting gas velocity, then the stability situation of the bed can be predicted based on the 
calculated IEmax value and following ranges: 
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5. Conclusions 
Experiments were carried out with three different types of particles (glass beads, 
alumina and yttria-stabilized zirconia particles) in a conical spouted bed and the effects of 
inlet gas diameter, particle size, static bed height, particle density and spouting gas velocity 
on the stability of the bed was investigated through maximum information entropies of 
pressure fluctuations. Bed height of greater depth, larger particles and higher gas velocities 
provide more stable spouting. On the other hand, unstable spouting tends to occur at large gas 
inlet diameters and particles with high densities. 
The results show that the maximum information entropy of pressure fluctuations is 
significantly different for stable and unstable beds reflecting the characteristics of gas-solid 
flow in spouted beds. The spouted bed at an unstable operation is a deterministic periodic 
system since the maximum information entropies are low. On the other hand, the pressure 
fluctuations in a stable bed are quite random and their maximum information entropies are 
high. The results indicate that the maximum information entropy helps to grasp the complex 
dynamics of conical spouted bed, therefore can be used as a stability criterion. The 
assessment of the information entropies shows that to achieve a stable spouting it is necessary 
to ensure that IEmax >1.51. For information entropies lower than 1.43, the bed is completely 
unstable. 
 A correlation for maximum information entropy as function of operating and design 
parameters (i.e., inlet diameter, particle diameter, bed height, particle density and spouting 
gas velocity) was developed in this study. The predictive accuracy of the correlation was 
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found to be satisfactory. Therefore, it can be used in prediction of the stability of the conical 
spouted beds operating with low and also high density particles.  
 
Nomenclature 
Dc column diameter, m 
Di cone bottom diameter, m 
Do gas inlet diameter, m 
dp particle diameter, m 
H0 height of the smallest region 
Hb static bed height, m 
Hc height of conical section, m 
Hi height of each region 
Ii information amount in each region 
IEmax maximum information entropy 
IEtotal total information entropy 
Nr number of visits in each region 
Pi probability of signals ‘s visit 
U inlet gas velocity, m/s 
Ums minimums spouting velocity, m/s 
 
Greek letters 
 
γ cone angle, rad 
ρg gas density, kg/m
3
 
ρs particle density, kg/m
3
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Table 1. Conditions of the experiments  
Particle type dp (mm) Do (mm) Hb (mm) U/Ums 
Glass Bead 
1 
10 
12 
15 
80, 100, 120 1, 1.1, 1.3, 1.45, 1.6, 1.75 
2 
10 
12 
15 
Alumina 
1 
10 
12 
15 
2 
10 
12 
15 
Zirconia 
0.5 
8 
10 
12 
15 
1 
10 
12 
15 
 
 
Table 2. Properties of the particles  
Material dp (mm) ρs (kg/m
3
) Geldart Classification 
Glass bead 
1 2470 D 
2 2470 D 
Alumina 
1 3690 D 
2 3690 D 
Zirconia 
0.5 6050 B 
1 6050 D 
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 Fig. 1. Geometric sketch of conical spouted bed system 
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Fig. 2. Example of the pressure fluctuation time series data in the bed for a step size equal to 
25 Pa (alumina particles, dp = 1 mm, Do = 15 mm, Hb = 120 mm) 
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Fig. 3. Effects of static bed height (Hb) and inlet gas diameter (Do) on the time series of pressure fluctuations in a spouted bed operating at 
1.3Ums with 1 mm glass beads (P11: Do = 10 mm and Hb = 80 mm; P12: Do = 10 mm and Hb = 100 mm; P13: Do = 10 mm and Hb = 120 mm; P21: 
Do = 12 mm and Hb = 80 mm; P22: Do = 12 mm and Hb = 100 mm; P23: Do =12 mm and Hb = 120 mm; P31: Do = 15 mm and Hb = 80 mm; P32: Do = 
15 mm and Hb = 100 mm; P33: Do = 15 mm and Hb = 120 mm) 
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Fig. 4. Effect of gas inlet diameter on the change of IEmax with U/Ums (Glass bead, dp = 1 mm, 
Hb = 100 mm) 
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Fig. 5. Effects of gas inlet and particle diameter on the change of IEmax with U/Ums (Glass 
bead, Hb = 100 mm) 
 
  
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
28 
 
 
Fig. 6. Effects of bed height and particle diameter on the change of IEmax with U/Ums (Glass 
bead, Do = 12 mm) 
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Fig. 7. Effect of particle density on the change of IEmax with U/Ums (dp = 1 mm, Hb = 100 
mm, Do = 12 mm) 
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Fig. 8. Maximum information entropy values obtained at all experiments conducted in this study  
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Fig. 9. Stability map of conical spouted bed
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Fig. 10. Comparison of maximum information entropy experimental data with 
calculated data from the proposed correlation 
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 The maximum information entropy of pressure fluctuations was used as a stability 
criterion. 
 The stability of the bed increases with increase in the maximum information entropy. 
 The bed stability increases with increase in the particle size and static bed height. 
 The stability of the bed decreases with increasing in gas inlet diameter and particle 
density. 
 A correlation for prediction of maximum information entropy of the bed was proposed. 
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